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Abstract The management of the central nervous system (CNS) disorders is challenging, due to the

need of drugs to cross the blood‒brain barrier (BBB) and reach the brain. Among the various strategies

that have been studied to circumvent this challenge, the use of the intranasal route to transport drugs from

the nose directly to the brain has been showing promising results. In addition, the encapsulation of the

drugs in lipid-based nanocarriers, such as solid lipid nanoparticles (SLNs), nanostructured lipid carriers

(NLCs) or nanoemulsions (NEs), can improve nose-to-brain transport by increasing the bioavailability

and site-specific delivery. This review provides the state-of-the-art of in vivo studies with lipid-based na-

nocarriers (SLNs, NLCs and NEs) for nose-to-brain delivery. Based on the literature available from the

past two years, we present an insight into the different mechanisms that drugs can follow to reach the

brain after intranasal administration. The results of pharmacokinetic and pharmacodynamics studies

are reported and a critical analysis of the differences between the anatomy of the nasal cavity of the

different animal species used in in vivo studies is carried out. Although the exact mechanism of drug
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transport from the nose to the brain is not fully understood and its effectiveness in humans is unclear, it

appears that the intranasal route together with the use of NLCs, SLNs or NEs is advantageous for target-

ing drugs to the brain. These systems have been shown to be more effective for nose-to-brain delivery

than other routes or formulations with non-encapsulated drugs, so they are expected to be approved by

regulatory authorities in the coming years.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The recent focus of research on alternative routes to improve drug
targeting for the management of central nervous system (CNS)
disorders has become essential, due to the unsatisfactory results of
other routes, such as the parenteral and oral. In this context, the
nose-to-brain route emerges as a promising alternative that allows
drug passage directly from the nose to the brain, avoiding the need
to cross the blood‒brain barrier (BBB)1. The latter is a complex
barrier formed by tightly connected endothelial capillary cells,
pericytes, astroglia and perivascular mast cells, which protects the
brain from pathogens and xenobiotics and prevents the passage of
about 98% of the molecules, from the blood to the brain2e4.
Lipophilic and low molecular weight molecules are the only
molecules that can easily cross BBB endothelial cells5,6. Ac-
cording to the US Food and Drug Administration (FDA), more
than 90% of new drugs used to treat CNS diseases have not been
approved due to the difficulty of crossing the BBB7. Besides, the
CNS has other barriers, including the blood-cerebrospinal fluid
(CSF), the blood‒spinal cord and the blood‒retinal barrier8,9.

Thereby, the intranasal route was suggested as a promising
approach to improve the delivery of drugs to the CNS
avoiding the need to cross the BBB. This route has shown
several advantages, including high drug bioavailability, non-
invasiveness, high blood flow, large surface area available for
drug absorption, easiness of application, rapid onset of action,
avoidance of gastrointestinal and hepatic metabolism and, as
mentioned, possibility to circumvent the BBB10e12. However,
several factors can limit the maintenance of the drug in the
nasal mucosa and must be considered when developing an
intranasal formulation10, including short residence time
(15e30 min) due to the mucociliary clearance mechanism,
low drug permeability in the nasal mucosa, small volume
available for administration (up to 200 mL per nostril), and
enzymatic degradation. Furthermore, intranasal formulations
should have physiological tonicity, adequate viscosity and pH
compatible with the nasal mucosa (5.0e6.5), using biocom-
patible and odorless excipients1,6,7,11,13. Accordingly, perme-
ation and absorption enhancers, enzyme inhibitors,
mucoadhesive agents and hydrogel systems have been
included in nasal formulations to improve drug absorption and
permeability, and increase the residence time in the nasal
mucosa13. In addition, the use of lipid-based nanocarriers also
improves drug permeability and absorption and protects drug
from enzymatic degradation14.

The inclusion of intranasal formulations in specific devices that
direct the formulation to the appropriate region of the nasal cavity,
specifically, to the upper and posterior part where the olfactory
region is located, has also been used to improve the residence time
of the formulations, preventing the loss of drug that may occur
after administration10,15. There are several marketed devices used
to target drugs from the nose to the brain, such as OptiMist™,
ViaNasa™, Optinose�, Breath Powered™, SipNose and Precision
Olfactory Delivery (POD�)16e23. This review provides a state of
the art of in vivo studies with lipid-based nanocarriers [solid lipid
nanoparticles (SLNs), nanostructured lipid carriers (NLCs) and
nanoemulsions (NEs)] for the delivery of drugs from the nose to
brain, through the analysis of the pharmacokinetic, pharmacody-
namics and brain targeting efficiency studies published in the past
two years. The first sections describe the anatomy and physiology
of the human nasal cavity and the mechanisms involved in nose-
to-brain transport. Subsequently, the main characteristics of NLCs,
SLNs and NEs for intranasal administration are described, fol-
lowed by an extensive analysis of the most relevant outcomes of
in vivo studies with these nanocarriers. Finally, the number of
ongoing clinical studies involving intranasal medicines is
presented.
2. Intranasal route

The anatomy, physiology and defence mechanisms of the nasal
cavity should be considered when developing an intranasal
formulation.

2.1. Anatomy of the nasal cavity

The nose is responsible for olfaction, regulation of tempera-
ture and humidity of the inhaled air and removal of external
pathogens. The nasal cavity presents a total surface area of
about 160 cm2, which has a volume of 13.0 mL and a length
of 12e14 cm, from the nostrils to the nasopharynx, being one
of the smallest organs in the human body15,21,24. The nasal
septum divides the nose in two cavities that are subdivided in
three different regions: vestibule, respiratory region and ol-
factory region (Fig. 1)24,25. The nasal cavity is lined by
squamous, transitional, respiratory and olfactory epithelia1,15.
The frontal part of this cavity is the vestibule, which is the
first defence to the entrance of pathogens into the body. It is
the less permeable region, due to the low vasculature, small
surface area (about 0.6 cm2) and presence of mucus and nasal
hairs (vibrissae) that filter large air particles. This area is
covered by a squamous epithelium that contains sweat and
sebaceous glands6,12,21. This nasal region is of little interest
for drug administration studies26,27. In contrast, the respiratory
region is the biggest of the nasal cavity, with a surface area of
approximately 130 cm2, being the most vascularized and
permeable region, which is attractive for drug absorption. This

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Longitudinal perspective of the human nasal cavity (left) and configuration of the olfactory region (right).
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region contains the inferior, middle and superior turbinates
that are lined by the respiratory epithelium, also known as
ciliated pseudostratified columnar epithelium, which is
composed by the basal, goblet, ciliated and non-ciliated
columnar cells (Fig. 2)15,16,26,28. The goblet cells are
responsible for mucin secretion, whereas the basal cells are
defence cells responsible for epithelial recovery upon injury,
being capable to differentiate in other cell types within the
respiratory epithelium25. About 15%e20% of these respiratory
cells are covered by cilia, which move co-ordinately and drive
the mucus from the anterior part of the nasal cavity to the
pharynx that further eliminates this mucus through the
gastrointestinal tract27,29. This mechanism is called mucocili-
ary clearance, being responsible for protecting the respiratory
tract from harmful exogenous substances that are entrapped in
the mucus and eliminated through this renewal process each
15e30 min6. In addition, the numerous microvilli present in
this region provide a large surface area, increasing drug ab-
sorption to the systemic circulation. The lamina propria sit-
uated above the respiratory epithelium is responsible for the
drug absorption, due to the presence of blood vessels, capil-
laries and nerves. Additionally, this region is innervated by
the ophthalmic and maxillary branches of the trigeminal
nerves, which represents a direct pathway to the CNS25. The
olfactory region (Fig. 1) is located in the upper part of the
nasal cavity, above the superior nasal turbinate of the respi-
ratory region and under the cribriform plate of the skull,
being the unique region that directly connects the nasal mu-
cosa to the brain, representing a direct access for the drugs
entering the CNS via the olfactory bulb. This region, with a
surface area of 10 cm2, is also a direct pathway for the
CSF1,10,30. The cribriform plate, a bone structure composed
by little pores with neuronal bundles, allows the drug passage
from the olfactory epithelium into the CNS24. The olfactory
Figure 2 Structure of the respiratory region of the nasal cav
epithelium contains three types of cells, including basal cells,
supporting cells and olfactory receptor neurons (Fig. 3)15. The
latter are responsible for the connection between the nasal
cavity and the olfactory bulb12. The lamina propria, located
under the epithelial membrane, contains the olfactory axon
bundles, lymphatics vessels, mucus secreting Browman’s
glands and the maxillary branch of the trigeminal nerve28.
2.2. Pathways of drug delivery

The mechanisms of drug delivery from the nose to the brain have
been extensively investigated. Much evidence has shown that the
drug can reach the brain by one of three different pathways or by a
combination of these (Fig. 4). In the indirect route (also called
systemic pathway), the drug is absorbed by the nasal mucosa into
the systemic circulation before reaching the brain. In the direct
route, the drug passes through the olfactory and/or trigeminal
nerves and reaches the brain. The drug permeation in the nasal
mucosa depends on several characteristics, such as drug solubility,
formulation residence time, metabolic stability and rate of
mucociliary clearance10,31. Besides, it is extremely important to
evaluate the safety and toxicity of the drug in the nasal mucosa to
avoid irritation, ciliotoxicity and/or tissue damage. Furthermore,
after intranasal administration, the drug needs to circumvent the
mucociliary clearance mechanism before reaching the olfactory
region. This process can lead to the loss of some drug before
reaching the therapeutic effect (Fig. 4)16.
2.2.1. Nose-to-brain transport
There are two pathways for the direct drug transport from the nose
to the brain (Fig. 4): via the olfactory region (olfactory pathway)
and via the trigeminal region (trigeminal pathway). Herein, the
olfactory pathway leads to a faster brain targeting of the drug
ity. Adapted from Ref. 28 with permission from Elsevier.



Figure 3 Structure of the olfactory region of the nasal cavity. The olfactory receptor neurons are embedded in the supporting cells, while the

basal cells and the Bowman’s glands are embedded in the lamina propria. Bowman’s gland produces and secrets the mucus. The nerve bundles

penetrate the cribriform plate and extend until the olfactory bulb. Adapted from Ref. 28 with permission from Elsevier.
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(approximately 0.33 h), when compared to the trigeminal pathway
(approximately 1.7 h)21.

2.2.1.1. Olfactory pathway. The olfactory pathway includes
the olfactory epithelium, anterior olfactory nucleus, olfactory
tract, amygdala, hypothalamus and piriform cortex31,32. This re-
gion is lined by a mucosal layer of olfactory receptor neurons,
Figure 4 Schematic representation of the different drug pathways to the

(black arrows), drug clearance can occur at a certain extent by the mucoci

drug that remains in the nasal cavity (black arrows) diffuses to the poste
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brain. Adapted from Ref. 16 with permission from Elsevier.
supporting cells and basal cells33. The supporting cells surround
the olfactory receptor neurons, providing mechanical support to
the olfactory epithelial cells and have microvilli that have an
important function in the sensory stimulation of the olfactory
mucosa28. The basal cells are responsible for the maintenance and
recovery of olfactory mucosa21,28. The olfactory receptor neurons
originate in the nasal olfactory epithelium, pass through the holes
brain, following intranasal administration. After nasal drug instillation
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in the cribriform plate of the ethmoid bone and reach the olfactory
bulb where, through the axons, facilitate a continuous communi-
cation between the bulb and the nasal cavity12,34. The olfactory
receptor neurons are responsible for mediating the sense of smell
in the nasal cavity, transmitting sensorial information to the
CNS26,32.

Fig. 5 describes the different routes of nose-to-brain delivery in
the olfactory mucosa. Briefly, the drug passes along the olfactory
nerves through the olfactory bulb via intraneuronal and extra-
neuronal transport into the olfactory cortex and, from here, to the
CNS, specifically, to the cortex, cerebrum and cerebellum15. The
intraneuronal transport requires passage through the axons and is
slow, taking hours or even days for the drug to reach its target site.
In contrast, the extraneuronal transport is faster and follows par-
acellular and transcellular transport, taking a few min for the drug
to reach the olfactory bulb and the CNS1,15. The drug can also
cross the olfactory mucosa through the supporting cells (trans-
cellular transport) or along with the supporting cells (paracellular
transport). In both cases, the drug passes through the lamina
propria25. In the paracellular transport, the drug passes through the
tight junctions, such as occludin, claudin and zonula occludens21.
Generally, hydrophilic drugs undergo this transport, while lipo-
philic drugs pass by transcellular transport, through receptor-
mediated endocytosis or passive diffusion27. Thereby, the drug
transport from the olfactory region to the CNS can occur within
the nerves or outside of them, although it is more likely that the
transport of the drug results from a combination of the different
routes instead of taking a single route25.

2.2.1.2. Trigeminal pathway. The trigeminal pathway com-
prises the transport through the trigeminal nerve, which follows
Figure 5 Different routes of nose-to-brain delivery in the olfactory

mucosa. (1) Drug transport through the olfactory receptor neuron (intra-

neuronal transport); (2) Drug transport through the supporting cells

(extraneuronal transcellular transport); (3) Drug transport along the sup-

porting cells (extraneuronal paracellular transport); (4) Lamina propria.
endocytic and axonal transport (i.e., intracellular transport)15. The
trigeminal nerve (Fig. 6) is the largest cranial nerve that innervates
the olfactory and respiratory epithelium31,32 and has three
different branches (mandibular, ophthalmic and maxillary), which
merge in the trigeminal ganglion, enter in the CNS and finishes in
the brainstem31. The maxillary and ophthalmic branches of the
trigeminal nerve are very important for the nose-to-brain delivery,
since they connect the nasal cavity to the CNS5,15. The drugs can
reach the brain through the trigeminal nerve via respiratory
epithelium, entering to the brainstem, and via dorsal olfactory
epithelium, through the cribriform plate, translocating the drug to
the rostral and caudal parts of the brain1,5,32. The trigeminal nerve
is responsible to transport the sensorial information from the nasal
cavity to the cornea, eyelids, oral cavity and CNS, via mandibular,
ophthalmic and maxillary divisions32. Thorne et al.35 used a rat
model to demonstrate the delivery of the insulin-like growth factor
1 factor (IGF-1) through this pathway to the spinal cord and to the
brainstem. Johnson et al.36 also showed that intranasal lidocaine
achieved the brain within 10 min via the trigeminal pathway.

2.2.2. Systemic pathway
The systemic pathway is an indirect route, where the drugs pass to
the lungs and to the blood circulation before reaching the brain
(Fig. 4). Therefore, in this route, the drugs have to cross the BBB
to attain the brain, which increases the time needed to achieve the
therapeutic effect and limits the amount of drug that effectively
reaches the brain11,31. Furthermore, the amount of drug in the
brain following intranasal administration differs between patients
and suffers elimination via renal and hepatic mechanisms6,15.
Thereby, drugs can reach the brain via the direct route and via the
systemic route, which depends largely on the properties of the
drug. For instance, some lipophilic drugs enter the brain by the
systemic pathway after intranasal administration6.
Figure 6 Anatomy of the trigeminal nerve and its terminal

branches. (1) Trigeminal nerve; (2) Ophthalmic branch; (3) Maxillary

branch; (4) Mandibular branch.
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2.2.3. Challenges of the nose-to-brain drug delivery
Following intranasal administration, the transport of the drugs
from the nose to the brain is challenging, due to the anatomical
and physiological characteristics of the nasal cavity. Herein,
several questions remain unanswered, such as “How can we
effectively target drugs from the nose to the brain?” “How do we
know which pathway (direct, indirect or both) drugs take from the
nose to the brain?”

Among the problems to be solved is the volume of the nasal
cavity, which only allows the administration of a small volume of
formulation, restricting the amount of drug that can reach the
brain. The mechanism of mucociliary clearance, which reduces
the residence time of the drug in the nasal mucosa, directly affects
the success of nose-to-brain transport. Other barriers of the nasal
mucosa that reduce the amount of drug absorbed, such as enzymes
and transport mechanisms. To avoid these drawbacks, it is
necessary to take into account different factors, including the nasal
delivery device and the drug molecular weight and solubility. The
use of a suitable nasal device, the positioning of that device at a
correct angle in conjunction with the proper position of the head
during administration can influence the deposition of the drug
within the nasal cavity. This facilitates the targeting of the drug to
the upper region of the nasal cavity, where it can reach the tri-
geminal nerve and the olfactory bulb, thus promoting the passage
to the brain. In addition, more in vivo studies should be carried out
to monitor the transport of the drug to the brain after nasal
administration, so that it is possible to verify the path they
follow6,16,17,37,38.
3. Main features of intranasal NLCs, SLNs and NEs

Regarding their features, NLCs, SLNs and NEs have been
showing high potential to improve the nose-to-brain drug delivery
(Table 1). These systems have high stability and ability to pene-
trate biological membranes, which are related to the presence of
emulsifiers and their small sizes, respectively. Moreover, they
provide sustained drug release, drug protection from chemical
and/or enzymatic degradation and increased bioavailability11,39. It
is possible to add bioadhesive excipients (e.g., gelling agents and
viscosity enhancers) to the formulations of NLCs, SLNs or NEs to
increase their residence time within the nasal mucosa and, and
therefore, the drug transport through the olfactory neurons, and
also modulators to open the tight junctions between the nasal cells,
improving the drug passage7,10. Despite the advantages described
in Table 1 for SLNs, NLCs and NEs, these nanocarriers have
disadvantages, including limited capacity to transport hydrophilic
drugs; in vitro and in vivo instability; poor stability during storage,
due to polymorphic transitions of lipids that cause the release of
encapsulated drugs, the occurrence of aggregation of the nano-
particles and phase separation6,51,61. These disadvantages were
identified as the main obstacles to the scaling-up and approval of
the SLN, NLC and NE formulations. Several strategies have been
studied to overcome these disadvantages. For example, to avoid
the aggregation of nanoparticles during storage, the use of cationic
or anionic surfactants that increase the absolute value of ZP, led to
an increase in the electrostatic repulsion of the nanoparticles. The
coating of the nanoparticles with polyethylene glycol (PEG) or its
derivatives to increase the circulation time of the nanoparticles in
the blood stream, which improves the bioavailability of the
drug41,48.

To guarantee the quality of the final pharmaceutical products
containing NLCs, SLNs and NEs is important the imple-
mentation of a robust control system. For this, the critical
quality attributes (CQAs) of the formulation must be evaluated,
such as particle/droplet size, polydispersity index (PDI), zeta
potential (ZP) and encapsulation efficiency (EE)49e51. These
CQAs can change with the type and concentration of lipid(s)
and emulsifier(s) and with the production techniques used,
including emulsification speed and time, sonication amplitude
and time and high-pressure homogenization cycles and pres-
sure40,43. In this area, the Quality-by-Design (QbD) approach is
a useful tool to define the critical steps required to obtain the
best CQAs that facilitate the scaling up of the manufacturing
processes. Examples of typical QbD attributes used are the
critical material attributes (CMAs), which are related to the
optimization of the excipients, such as lipid(s) and emulsi-
fier(s); and the critical process parameters (CPPs), which are
related to the parameters of the equipment used during the
production of the formulations50,51.

Regarding the CQAs of intranasal delivery, the particle/droplet
size, which corresponds to the mean hydrodynamic diameter of
the particles/droplets, should have a narrow nanometric range,
since this is a crucial parameter to guarantee the transport of
encapsulated drugs via olfactory neurons. In this sense, it has been
described that the size of the intranasal nanocarriers must be lower
than 200 nm10,52. The PDI that shows the size distribution of the
particles in the formulations ranges between 0 and 1. In a
monodisperse distribution, the PDI value is close or equal to 0,
while in a polydisperse distribution the PDI value is close or equal
to 1. Low PDI and particle size values promote a uniform drug
absorption through the nasal mucosa. Usually, the PDI values of
intranasal nanocarriers are less than 0.3, although NLC formula-
tions generally have higher values than NE, due to the asymmetry
of the non-spherical lipid nanoparticles14,43,52,53. However, it is
important to note that formulations with the same PDI values can
behave differently, since they can have different particle sizes. For
example, if two formulations have the same PDI, but the particle
size is 100 nm for one formulation and 234 nm for the other
formulation, their behaviour will be different after intranasal
administration. Thus, it is important to analyse together the par-
ticle size and the PDI. The ZP corresponds to the surface charge of
the nanoparticles/nanodroplets that predicts the long-term physical
stability of the formulation, and depends on environmental con-
ditions, such as pH and ionic strength. It has been described that
positively charged nanoparticles/nanodroplets originate higher
drug accumulation in the brain, due to the occurrence of elec-
trostatic bonds with the negatively charged membrane of the nasal
mucosa45,54e56. In general, a ZP value of �30 mV indicates good
stability of the nanocarriers43,52,57. The EE estimates the amount
of drug encapsulated in the nanoparticles/nanodroplets and is used
to confirm the suitability of the nanocarriers to incorporate the
drugs. Generally, an EE higher than 80% is required for intranasal
lipid-based nanocarriers46. Other important challenge is to main-
tain the CQAs values stable during storage, which enables the
estimation of the expiration date of the final pharmaceutical



Table 1 Characteristics of lipid-based nanocarriers to improve nose-to-brain drug delivery.

Lipid-based nanocarrier General characteristic to improve drug

delivery

Specific characteristic to improve

nose-to-brain drug delivery

Ref.

1. Lipid nanoparticles � Colloidal dispersions of solid parti-

cles with 0.1 up to 30% w/w of

lipid(s), stabilized by one or two

emulsifiers with a concentration

range from 0.5% to 5% w/w;

� Ability to encapsulate poor-water

soluble drugs;

� Industrial scale manufacture facility

at low cost;

� Good physical-chemical stability;

� Improved drug bioavailability;

� Ability for drug targeting;

� Drug protection;

� Prolonged drug release;

� Use of generally recognised as safe

(GRAS) excipients;

� Low or no toxicity of formulations.

� Allow the direct transport to the

brain via trigeminal and olfactory

nerves;

� Improve bioavailability of drugs

in the brain;

� Ability for drug targeting;

� Use of physiological lipids and

GRAS excipients, providing high

biocompatibility with the nasal

mucosa and, therefore, low or no

toxicity;

� Ability to adhere to the olfactory

epithelium;

� Prolong the contact time of the

formulation on the nasal mucosa,

avoiding the fast mucociliary

clearance;

� Drug protection from nasal enzy-

matic degradation;

� Prolonged drug release.

39e42

1.1. Solid lipid nanoparticles (SLNs) � 1st generation of lipid

nanoparticles;

� Nanoparticles contain a lipophilic

core composed by one solid lipid.

40, 43, 44

1.2. Nanostructured lipid carriers (NLCs) � 2nd generation of lipid

nanoparticles;

� Nanoparticles contain a lipophilic

core formed by a mixture of one

solid lipid (in bigger quantity) with

one liquid lipid (in less quantity).

40, 45, 46

2. Nanoemulsions (NEs) � Heterogeneous and thermodynami-

cally unstable systems composed by

an oily and a water phase, stabilized

by emulsifier(s);

� Oil-in-water (o/w) NE are more

common and have ability to trans-

port lipophilic molecules;

� Droplet sizes lower than 500 nm;

� Industrial scale production facility

at low cost;

� Good physical-chemical stability;

� Improved drug bioavailability;

� Ability for drug targeting;

� Drug protection;

� Prolonged drug release;

� Use of physiological lipids and

GRAS excipients;

� Low or no toxicity of formulations.

47
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formulation. It is also extremely important to evaluate the toxicity
of the nanoparticles/nanodroplets in the brain and the drug release
profile, which is useful to predict the in vivo performance7. The
drug release depends on the medium, temperature and some
characteristics of the nanocarriers, such as size, shape, surface
charge, type of lipids and emulsifiers, drug location in the nano-
particles/nanodroplets, partition coefficient and production
method54.
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4. In vivo experiments with intranasal formulations

Before starting clinical studies, it is necessary to evaluate the
effectiveness of intranasal formulations in animal models. How-
ever, it is difficult to extrapolate the data from these studies (e.g.,
drug absorption and pharmacokinetics/pharmacodynamics pa-
rameters) for humans, due to differences in the nasal anatomy and
physiology between the species.
4.1. Characteristics of the nasal cavity of the different animal
models

Selecting a suitable in vivo model is crucial for an efficient
evaluation of a nasal formulation and its respective delivery sys-
tem. For this, it is important to know the animal nasal anatomy
and physiology before starting the studies (Table 2 and
Fig. 76,58e60).

Rats were the first model used for in vivo studies and, after-
wards, mice, dogs, rabbits, monkeys and sheep were used.
Nonetheless, most reported in vivo studies were conducted in rats.
The most common animal types for in vivo studies with intranasal
formulations are Wistar and SpragueeDawley rats, BALB/c and
CD1 (mice), New Zealand and Japanese white rabbits, Labrador
and Retriever dogs, Harley guinea pigs and Karaman and Sufolk
sheep25. The volume administered per nostril differs between
animal types. For example, Wistar rats can be administered with a
volume of 40 mL, whereas SpragueeDawley rats bear 50 mL25.
The tools for administration also differ between species. For small
size animals, formulations are usually administered using a
pipette/micropipette or an intranasal canula, while in large size
animals are used nasal devices, such as atomizers and sprays25.
Furthermore, the animal head position at the moment of the
administration is extremely important61,62. For rats and mice, the
supine position seems to increase the probability of the drug
reaching the olfactory region63,64.

Based on anatomical nasal differences between different types
of animals, rats are the ones that most differ from humans, not
being a good model for pharmacokinetic and pharmacodynamics
studies. However, most published studies have been carried out on
rats and mice. The main reasons for this are the low cost and easy
access to these animals, compared to other species. Sometimes the
choice of the animal depends on the study type and the monetary
capacity of the laboratory. For toxicity studies, the small animals,
as rats and mice, are suitable. However, large animals, such as
rabbits and dogs, are more useful for pharmacokinetic and phar-
macodynamics studies25.
Table 2 Characteristics of the nasal cavity of different ani-

mal species and human25,33.

Species Mean nasal

surface area

(cm2)

Mean nasal

cavity volume

(mL)

Conchae structure

Mouse 2.8 0.03 Double scroll

Rat 14 0.4 Double scroll

Rabbit 61 6 Branched conchae

Monkey 62 8 Single scroll

Human 160 20 Single scroll

Dog 210 20 Branched conchae

Sheep 327 114 Double scroll
The extrapolation of the in vivo results from animals to humans
is directly affected by the differences in the olfactory region be-
tween species, such as the metabolic activity and permeability of
the nasal mucosa. Apart from the nasal anatomical differences
between animals and humans, the nasal absorption site, drug
distribution and deposition in the nasal mucosa also interfere33.

The olfactory region comprises 10% of the nasal cavity in
humans and represents 50% and 45% of the total nasal surface
area in rats and mice, respectively12,34. In addition, the drug
administration in rats and mice is difficult, due to the small nasal
orifices. Rabbits, dogs, sheep, and monkeys are more suitable for
pharmacokinetic and pharmacodynamics studies compared to the
rats and mice, due to the larger nose orifice that facilitates intra-
nasal administration10. Furthermore, in these models, it is possible
to perform pharmacokinetic and pharmacodynamics studies in the
same animal, after a washing and recovery period, without anes-
thesia, which is not possible with rats and mice. Usually, rabbits
are preferred to the dogs, sheep and monkeys, due to the relatively
small cost33. Monkeys have an olfactory region similar to humans,
which is advantageous. However, these animals are extremely
expensive and contested by animal rights groups25,33,65. Rabbits’s
olfactory region area is also similar to humans66. However, the
volume administered per nostril in rabbits and monkeys is
approximately 58 mL, which is three times smaller than the vol-
ume administered to humans. In contrast, dogs have a volume of
administration per nostril (207 mL) higher than humans25,33.
Concerning the olfactory region, dogs have a surface area of
150 cm2, which is 15 times higher than that of humans, occupying
77% of the nasal cavity of dogs, against 10% in humans27,67. It
was also reported that this region represents half of the nasal
cavity in rats and mice12,34.

4.2. Pharmacokinetic and pharmacodynamics studies and
translation to humans

In vivo studies allow predicting the pharmacokinetic, pharmaco-
dynamics and absorption profiles in humans of intranasal drugs25.
These studies are performed before clinical experiments and are
used to observe the drug fate in the brain after nose-to-brain
transport and to evaluate the safety and toxicity of intranasal
formulations68. Pharmacokinetics includes the effects of the body
in the drug, describing absorption, distribution, metabolization
and elimination, while pharmacodynamics are related to the ef-
fects of the drug in the body69e71. Data from pharmacokinetic
studies report the amount of drug in the brain and plasma, which is
calculated by measuring drug concentrations at predetermined
time intervals. These studies also evaluate the therapeutic action
and toxicity of the drug in the target-site72. The in vivo drug nasal
absorption is affected by several biological factors, such as
physiological conditions (secretions, mucociliary clearance, pH
and blood supply), pathological conditions, biochemical changes
and environmental factors (temperature and humidity). Besides,
drug absorption is affected by some physicochemical properties of
the nasal formulations, including pH, viscosity, osmolality, drug
distribution, type of pharmaceutical dosage form, amount of
formulation administered, and drug molecular weight, lip-
ophilicity, solubility, partition and dissociation coefficients. As
mentioned, the characteristics of the nanocarriers (i.e., particle/
droplet size, PDI, ZP and EE) and the deposition site in the nasal
cavity also influence the nasal absorption of the drug33,73.
Thereby, all of these factors affect the pharmacokinetic and
pharmacodynamics results.



Figure 7 Schematic representation of the differences in the surface area of the nasal cavity and in the olfactory region between the animals

most used in in vivo studies and humans. (A) rat; (B): dog; (C): rabbit; (D) sheep; (E) monkey and (F) human. The olfactory region (blue circles)

occupies 10% of the nasal cavity (red rectangles) of rabbits, sheep, monkeys and humans, while in rats and dogs, it occupies most of the nasal

cavity. Adapted from Refs. 6, 58, 59 with permission from Elsevier and Ref. 57 with permission from John Wiley and Sons.
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4.3. Relevant outcomes with nanostructured lipid carriers
(NLC), solid lipid nanoparticles (SLN) and nanoemulsions (NE)

The most relevant outcomes of in vivo studies with intranasal
NLC, SLN and NE published in the last 2 years are summarized in
Supporting Information Table 1, through the results of pharma-
cokinetic and pharmacodynamics studies in different animal
models. Diverse parameters were evaluated in the in vivo studies,
such as the Cmax (maximum drug concentration), the Tmax (time
required to reach the maximum drug concentration); the AUC
(area under the curve); the mean retention time of the formulation
in the brain and the brain/blood ratio (i.e., the bioavailability of the
drug in the brain). In addition, the drug targeting efficiency (DTE),
which measures the accumulation in the brain after intranasal
administration compared to intravenous administration, and the
drug targeting potential (DTP), which measures the amount that
reaches the brain by olfactory pathway and/or trigeminal pathways
(i.e., direct nose-to-brain transport) were also calculated through
the following Eqs. (1) and (2) 14,30,62,74,75:

DTE ð%ÞZ ðAUCbrain=AUCbloodÞIN
ðAUCbrain=AUCbloodÞIN

� 100 ð1Þ

DTP ð%ÞZ
ðAUCbrainÞIN �

�
ðAUCbrainÞIV
ðAUCbloodÞIV � ðAUCbloodÞIN

�

ðAUCbrainÞIN
� 100

ð2Þ
where, the (AUCbrain)IN is the drug concentration in brain
following intranasal (IN) administration; (AUCbrain)IV is the drug
concentration in brain following intravenous (IV) administration;
the (AUCblood)IN is the drug concentration in blood following IN
administration; the (AUCblood)IV is the drug concentration in blood
following IV administration.

DTE and DTP values range between 0 to þN and ‒N to 100,
respectively. DTE higher than 100 means more effective drug
brain targeting through intranasal administration versus intrave-
nous administration, while DTP values above 0 mean the occur-
rence of drug brain targeting through the olfactory and/or
trigeminal pathways6,14. A DTP value of 100 means that no drug
was absorbed through the indirect route (i.e., from the systemic
circulation) after intranasal administration14.

From Table 3 it can be observed that most studies with intra-
nasal formulations of NLCs, SLNs and NEs were conducted in
rats, although experiments with mice and rabbits have also been
reported. In some of these studies, the animals had free access to
water and food, while in other studies the animals were fasted
overnight. All animals were anesthetized before the instillation of
the formulation with a micropipette. Due to the small size of the
nostrils of rats and mice, some researchers attached a polyethylene
cannula to the micropipette to facilitate insertion of the formula-
tion into the nostrils. The animals were sacrificed at predefined
intervals and blood and vital organs were collected to quantify the
amount of drug. For the experiments, the animals were divided
into two or more groups to facilitate the observation of the dif-
ferences in distribution of the NLCs, SLNs and NEs in the brain



934 Cláudia Pina Costa et al.
and plasma after intranasal administration, over other adminis-
tration routes, different pharmaceutical dosage forms or placebo
formulations. From Table 3 it can also be observed that most re-
searches aimed to improve the treatment of neurological diseases
via nose-to-brain transport. In general, the data showed that, upon
intranasal administration of NLCs, SLNs and NEs, was obtained a
higher brain concentration of the drug, when compared to other
routes or to the intranasal administration of free drug. These re-
sults show the advantage of using intranasal lipid-based nano-
carriers to target the drugs to the brain over other administration
routes, which is related to several factors63,76e79: i) drug reaches
the brain via direct route, avoiding hepatic metabolism and
degradation through the gastrointestinal tract; ii) lipids promote
the partition of the nanoparticles/nanodroplets in the nasal mu-
cosa, increasing the retention time; iii) protection of the encap-
sulated drugs from nasal glycoprotein-P efflux proteins and
enzymatic degradation; iv) electrostatic interactions between the
nanocarriers and the nasal mucosa minimizes drug elimination
through the mucociliary clearance mechanism; v) use of formu-
lations with mucoadhesive agents increases the drug concentration
in the brain, due to the improve on the residence time in the nasal
mucosa. In contrast, when the drug was administered intrave-
nously, intraperitoneally or orally, a higher drug concentration was
observed in the blood over the brain.

Among the referred lipid-based nanocarriers, the NLCs were
the most studied over the last 2 years, which could be attributed to
its higher stability and ability to accommodate drugs, when
compared to SLNs and NEs.

Before starting clinical studies, it is important to keep in mind
that drug deposition in a specific area of the nasal cavity depends
on several factors, including particle size, type of pharmaceutical
dosage form, delivery device, head position at the time of the
administration and spray angle. These factors also interfere with
the amount of drug that reaches the brain after intranasal
administration12,32.

In the following subsections a more detailed description of the
most relevant studies presented in Table 3 is provided.

4.3.1. NLCs
In the past two years, about ten studies regarding NLCs have been
published for nose-to-brain drug delivery, mainly for the treatment
of neurological disorders. For instance, Pardeshi et al.62 evaluated
the efficacy for the treatment of Parkinson’s disease of a
ropinirole-dextran sulfate with a mucoadhesive agent, after intra-
venous and intranasal administration, and a ropinirole hydro-
chloride suspension, after intranasal administration, to mice.
Brain concentration of intranasal mucoadhesive NLCs
(29.04 � 0.04 mg/mL) was higher than intravenous mucoadhesive
NLCs (17.37 � 1.0 mg/mL) and intranasal ropinirole hydrochlo-
ride suspension (1.67 � 0.02 mg/mL). AUC of intranasal NLCs
was 181.17 � 1.32 h∙mg/mL, while AUC of intravenous NLCs
was 120.00 � 3.55 h∙mg/mL and intranasal suspension was
13.18 � 0.25 h∙mg/mL. Plasma concentrations of ropinirole were
notably elevated for intravenous mucoadhesive NLCs
(20.89 � 0.81 mg/mL) with a Tmax of 30 min, compared to
intranasal mucoadhesive NLCs (12.08 � 0.06 mg/mL) and intra-
nasal suspension (1.717 � 0.02 mg/mL), both with a Tmax of 8 h.
The AUC in the plasma was higher for intranasal NLCs
(108.33 � 2.2 h∙mg/mL) and intravenous NLCs
(98.76 � 1.45 h∙mg/mL), than for intranasal suspension
(18.10 � 0.15 h∙mg/mL). The mean retention time in the brain
was similar for the three formulations, with values from 5.17 up to
5.93. However, in the plasma, the mean retention time was
significantly higher for intranasal NLCs (7.28 � 0.71 h) and
suspension (6.13 � 1.15 h) than intravenous NLCs
(4.93 � 0.94 h). DTE and DTP values for mucoadhesive NLCs
were 221.02% and 20.71%, respectively. These results suggested
that the inclusion of a mucoadhesive agent increases the brain
targeting efficiency.

Rajput et al.80 studied the brain and plasma concentration of
oral resveratrol suspension and intranasal in situ gel of gellan gum
containing resveratrol-loaded NLC for the treatment of Alz-
heimer’s disease in rats. The results showed that the brain/blood
ratio after intranasal in situ gel of resveratrol-loaded NLC was 2.5-
fold higher than oral suspension, with a Cmax in the brain of
1030 � 135 and 402 � 41 ng/mL, respectively. The Cmax in the
plasma was much lower for the intranasal formulation
(167 � 20 ng/mL), compared to the brain concentration. The Tmax

for the intranasal formulation was 30 min, whereas for the oral
formulation was 2 h, indicating a faster resveratrol transport to the
brain after intranasal administration. The AUC values were also
higher in the brain for intranasal NLC (2572 � 338 h∙ng/mL) and
oral suspension (1809 � 206 h∙ng/mL), compared to plasma
concentration (558 � 62 and 816 � 94 h∙ng/mL, respectively).
The drug biodistribution of both formulations showed a higher
concentration of the in situ gel of resveratrol-loaded NLC in the
brain, followed by spleen, lungs, kidney, heart and liver. In
contrast, the resveratrol suspension exhibited higher concentration
in the liver, followed by lungs, spleen, brain, heart and kidney,
which could be attributed to the hepatic metabolism of the drug.
The authors of this study that the addition of a gellan gum to
prepare the in situ gel increased the residence time of the NLC in
the nasal cavity80. Jojo et al.63 also studied the brain targeting of
intranasal NLC for the treatment of Alzheimer’s disease. In their
study, the authors compared the brain targeting of pioglitazone-
loaded NLC and pioglitazone solution after intranasal and intra-
venous administration and the results were similar to the ones
obtained by Rajput et al80.

In other study, Singh et al.77 evaluated the efficacy of intrave-
nous asenapine solution, intranasal asenapine solution and intra-
nasal asenapine-loaded NLC coated with glycol chitosan for the
treatment of schizophrenia in rats. The glycol chitosan, a junction
between ethylene glycol and chitosan, acts as a steric stabilizer for
NLCs and has a positive charge that interacts with mucin. The
intranasal asenapine-loaded NLCs coated with glycol chitosan
showed higher brain concentration, compared to intranasal and
intravenous asenapine solution, with a Cmax of 94.93 � 11.73,
53.34 � 10.76 and 41.46 � 7.57 ng/mL, respectively. Moreover,
the time to attain the maximum concentration was faster for
asenapine-loaded NLCs coated with glycol chitosan with 1 h,
whereas for the others was 2 h. As expected, the opposite results
were observed in the plasma, with a Cmax of 82.76 � 14.78 ng/mL
for intravenous asenapine, followed by intranasal asenapine-loaded
NLCs coated with glycol chitosan (44.12 � 2.92 ng/mL) and
intranasal asenapine (33.65 � 15.52 ng/mL). In the brain, the AUC
was 4-fold higher for intranasal asenapine-loaded NLCs coated
with glycol chitosan formulation (826.81 � 78.29 h∙ng/mL),
compared to intranasal asenapine (209.42 � 42.48 h∙ng/mL) and
intravenous asenapine (202.70 � 35.65 h∙ng/mL). Besides, in the
plasma the AUC was also higher for intranasal asenapine-loaded
NLC coated with glycol chitosan, followed by intravenous asena-
pine and intranasal asenapine, with values of 163.62 � 10.79,
115.63 � 25.53 and 68.25 � 21.34 h∙ng/mL, respectively. The
NLC formulation demonstrated a higher ability to improve drug
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brain targeting, showing the highest DTE (2.88%) compared to the
free drug (1.75%). Furthermore, the absolute bioavailability of the
drug in the brain was nearly four times more for NLC formulation
(407.89%) in comparison to free asenapine (103.31%) after intra-
nasal administration. Based on these results, the authors concluded
that the use of NLC coated with glycol chitosan increases the
contact time of the formulation with the nasal mucosa and,
consequently, increases the asenapine absorption showing a higher
brain concentration. In addition, based on the absolute bioavail-
ability of the drug in the blood and in the brain, the intranasal route
has been shown to be more effective in improving the cerebral
targeting of the drug, compared to the intravenous route77. Other
authors have also demonstrated the effectiveness of using NLC
intranasal formulations for the treatment of schizophrenia, showing
similar results81,82.

The pharmacodynamics behavior of intranasal NLC formula-
tions compared to other routes or other intranasal formulations
was investigated. For example, Abbas et al.83 studied the use of an
in situ gel of poloxamer 407 and sodium alginate to improve the
brain delivery of clonazepam for epilepsy therapy. For the study,
two different groups of mice were administered intranasally with
an in situ gel of clonazepam-loaded NLC or with an in situ gel of
clonazepam and superparamagnetic iron oxide nanoparticles-
loaded NLC. Five min after the intranasal administration,
pentylenetetrazol was injected in mice to induce clonic convul-
sions. The onset of time of the first clonic seizure and the time of
death were recorded for the mice administered with both formu-
lations and for the ones administered with pentylenetetrazol alone
(control group). The results showed that the control presented
41.7 � 5.6 s for the first clonic seizure and 113.5 � 24.6 s to die.
However, the group of animals administered with the in situ gel of
clonazepam-loaded NLC exhibited a prolonged onset time of first
clonic seizure (64.9 � 6.3 s) and death (552.6 � 102.3 s).
Moreover, the incorporation of the superparamagnetic iron oxide
nanoparticles in the clonazepam-loaded NLCs, prolonged 7.5
times the onset time of the first clonic seizure (313.6 � 49.5 s) and
delayed 14 times the onset time of death (1574.6 � 272.8 s)
compared to the control. These results suggest that the use of the
intranasal route together with the nanoparticles are a promising
combination for the treatment of epileptic seizures83. Hammad
et al.84 evaluated the efficacy of oral mosapride tablets, intranasal
mosapride suspension and intranasal mosapride loaded surface-
modified NLC for gastroesophageal reflux disease in rabbits.
The intranasal mosapride-loaded surface-modified NLC origi-
nated higher drug concentration in plasma, compared to intranasal
suspension and oral tablets, with Cmax values of 13.19 � 7.24,
8.62 � 4.2 and 5.91 � 1.84 mg/mL, respectively. Furthermore, the
AUC of intranasal NLC formulation was 1.41-fold higher than
intranasal suspension and 2.44-fold higher than oral tablets
(22.78 � 1.02, 16.18 � 0.724 and 9.345 � 0.418 h∙mg/mL,
respectively). For the pharmacodynamics study, the estimating
gastric emptying and rate of duod7enal contraction were measured
in the rabbits before (control) and after 3 h of the administration.
The results showed that the contraction per minute in rabbits
before treatment was 8.84 � 0.61. Furthermore, the contractions
per minute were 8.9 � 0.72 for oral tablets, 10.02 � 0.62 for
intranasal suspension and 21.54 � 1.88 for intranasal NLC. From
these results, it was concluded that the use of intranasally
administered NLC improves the clinical efficacy of mosapride84.
Other authors have also demonstrated the greater efficacy of
administering NLC formulations intranasally, compared to other
routes, such as oral and intraperitoneal. In both studies, it was
concluded that the intranasal use of NLCs promoted the activity of
the drugs in the brain85,86.

4.3.2. SLNs
Since 2018, about two studies using SLN for nose-to-brain drug
delivery have been published30,76. This reduced number is prob-
ably due to the emergence of NLC that have overcome some of the
limitations of SLN. For example, Youssef et al.30 evaluated the
brain and plasma concentration of almotriptan malate for the
management of migraine headache using three different formu-
lations: intravenous almotriptan malate solution, intranasal in situ
gel of almotriptan malate and intranasal in situ gel of almotriptan
malate-loaded SLNs. Up to 6 h, the brain/blood ratio was 5-fold
higher for intranasal in situ gel of almotriptan malate-loaded
SLNs, compared to intravenous almotriptan malate solution,
which indicates higher drug distribution in the brain. The brain
Cmax was 1.23 � 0.02 mg/mL for intravenous almotriptan malate,
1.43 � 0.02 mg/mL for intranasal in situ gel of almotriptan malate
and 2.41 � 0.04 mg/mL for intranasal in situ gel of almotriptan
malate-loaded SLNs, with a Tmax of 0.5, 2 and 0.17 h, respectively.
In the brain, the AUC was higher for the intranasal in situ gel of
almotriptan malate-loaded SLN (7.87 � 0.09 h∙mg/mL),
followed by intranasal in situ gel of almotriptan malate
(6.25 � 0.03 h∙mg/mL) and intravenous almotriptan malate
(3.32 � 0.04 h∙mg/mL). As expected, in the plasma, the Cmax and
AUC values were higher for intravenous almotriptan malate
(3.2 � 0.06 mg/mL; 12.43 � 0.09 h∙mg/mL), followed by intra-
nasal free drug (3.09 � 0.05 mg/mL; 9.15 � 0.07 h∙mg/mL) and
intranasal almotriptan malate-loaded SLN (2.69 � 0.02 mg/mL;
8.77 � 0.08 h∙mg/mL). DTE and DTP values were also higher for
intranasal almotriptan malate-loaded SLN (335.69 � 8.37% and
70.21 � 0.72%), compared to intranasal non-encapsulated almo-
triptan malate (255.1 � 3.68% and 60.80 � 0.56%). These find-
ings show the efficacy of the intranasal almotriptan malate-loaded
SLN for brain targeting. In addition, the use of the mucoadhesive
polymer poloxamer 407 increases the contact time of the formu-
lation in the nasal mucosa, which further improves the targeting of
the drug to the brain30.

4.3.3. NEs
In the past two years, about nine studies have been published that
have investigated the use of NEs to improve drug delivery from nose
to brain. For example, Gaba et al.87 demonstrated the efficacy of
intranasal naringenin-loaded NEs, compared to intranasal nar-
ingenin solution and intravenous naringenin-loaded NEs, for the
treatment of Parkinson’s disease. Following intranasal administra-
tion, the Cmax of naringenin was higher in the brain for NE formu-
lation (1148.64 � 3.3 ng/mL) and solution (870.77 � 5.4 ng/mL),
compared to the plasma (794.33 � 7.1 and 775.44 � 2.5 ng/mL,
respectively). Similarly, the brain AUC were higher for intranasal
NE (5345.13 � 7.5 h∙ng/mL) and intranasal solution
(3352.86 � 8.9 h∙ng/mL) over the plasma (3777.63 � 5.3 and
1919.734 � 6.7 h∙ng/mL, respectively). Following intravenous
administration, the Cmax of naringenin was higher in the plasma for
the naringenin-loaded NE (2502.74 � 4.2 ng/mL) over the brain
(381.67 � 3.1 ng/mL), while the AUC values were
7533.91 � 4.5 h∙ng/mL in the plasma and 1599.36� 4.5 h∙ng/mL
in the brain. In addition, the brain/blood ratio of naringenin for the
intranasal NE was 3.69 � 0.25, which was 1.4-fold higher than the
intranasal solution (2.66 � 0.68), and 52.7-fold higher than intra-
venousNE (0.07� 0.25). TheDTEandDTPwere slightly higher for
intranasal NE in comparison to the intranasal solution
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(822.71 � 9.14% and 666.51 � 8.95%; and 72.14 � 5.87% and
68.41 � 7.42%, respectively). For the pharmacodynamics study,
only the intranasal naringenin-loaded NEwas tested with or without
oral levodopa, administered at the same time. The rats were divided
in five groups, which received normal saline intranasal solution,
intravenous 6-OHDA (inductor of the Parkinson’s disease symp-
toms), oral levodopa, intranasal naringenin-loaded NE or oral
levodopa and intranasal naringenin-loadedNEs. Afterwards, the rats
were submitted to different tests to assess behavioral activities, and
the group treated with intranasal NEs and oral levodopa showed a
marked improvement, reverting the effects induced by the 6-OHDA
(muscle coordination, swimming activity and grip strength)87. Other
authors have also demonstrated the efficacy of drug-loaded intra-
nasal NEs compared to intravenous drug solutions. The results were
similar and showed that the use of NEs can increase the amount of
drug that reaches the brain via intranasal88,89.

Ahmad et al.74 evaluated the brain and plasma concentration of
intranasal amiloride-loaded NEs, intranasal amiloride solution,
intravenous amiloride-loaded NEs and intravenous amiloride so-
lution, and their efficacy to avoid clonic seizures. The results
showed that the Cmax of amiloride in the brain was
449.64 � 24.67 ng/mL for intranasal amiloride-loaded NEs,
104.84 � 8.19 ng/mL for intravenous amiloride-loaded NEs,
28.40 � 4.63 ng/mL for intranasal amiloride solution and
19.46 � 2.64 ng/mL for intravenous amiloride solution. The AUC
values were also higher for intranasal amiloride-loaded NEs
(7937.46 � 101.19 min∙ng/mL), followed by intravenous
amiloride-loaded NEs (1254.37 � 25.94 min∙ng/mL), intranasal
amiloride solution (264.63 � 19.13 min∙ng/mL) and intravenous
amiloride solution (187.06 � 18.17 min∙ng/mL). The plasma
Cmax was 1852.49 � 41.19 ng/mL for intravenous amiloride so-
lution, 469.26 � 18.48 ng/mL for intravenous amiloride-loaded
NEs, 29.14 � 2.74 ng/mL for intranasal amiloride-loaded NEs
and 10.40 � 1.02 ng/mL for intranasal amiloride solution. In the
plasma, the AUC for the intravenous solution was
18718.37 � 411.36 min∙ng/mL and for intravenous NEs was
8201.57 � 135.63 min∙ng/mL, while the AUC for intranasal NE
was 265.53 � 36.56 min∙ng/mL and 103.48 � 16.16 min∙ng/mL
for the intranasal solution. The brain/plasma ratio was signifi-
cantly higher for intranasal NE, compared to the intranasal solu-
tion, intravenous NEs and intravenous solution, with values of
15.43, 2.73, 0.22 and 0.01, respectively. In addition, the DTE and
DTP values were also higher for the intranasal NEs
(1992.67 � 45.63% and 586.18 � 11.63%) over the intranasal
solution (99.63 � 3.78% and 54.15 � 1.15%). These findings are
in accordance with the results of the pharmacodynamics study,
where the mice were firstly injected with pentylenetetrazol to
induce clonic seizures and myoclonic jerks, and later administered
with amiloride solution, amiloride-loaded NEs or saline solution
(control). The amiloride-loaded NEs showed better results
compared to amiloride solution and saline solution, leading to a
higher reducing the onset of myoclonic jerks and clonic seizures.
In addition, the increasing current electroshock test was performed
and the results were similar to the previous ones, which means that
intranasal amiloride-loaded NEs gave greater protection against
epileptic seizures than amiloride solution and control solution,
being a system of direct administration to the brain safe in the
treatment of epilepsy74. Other authors have also studied the po-
tential of using NEs loaded with intranasal topiramate for the
treatment of epilepsy. The results of the pharmacodynamics and
pharmacokinetic studies showed that the use of NEs loaded with
intranasal topiramate improves the bioavailability of the drug in
the brain90.

The use of a mucoadhesive agent (chitosan) in NEs loaded
with quercetin for intravenous and intranasal administration has
been studied, in comparison with intranasal and intravenous
quercetin solutions, to improve the treatment of cerebral ischemia
in rats. The results showed that the inclusion of a mucoadhesive
agent originated a higher quercetin concentration in the brain
through the intranasal and intravenous routes, presenting a Cmax of
1788.68 � 3.67 and 374.59 � 19.60 ng/mL, followed by the
intranasal solution (202.10 � 11.27 ng/mL) and intravenous so-
lution (109.86 � 12.01 ng/mL). In contrast, the maximum con-
centration of quercetin in plasma was 1852.49 � 46.92 ng/mL for
the intravenous solution, 1828.00 � 24.87 ng/mL for the intra-
venous mucoadhesive NEs, 404.22 � 6.98 ng/mL for the intra-
nasal mucoadhesive NEs and 61.59 � 3.92 ng/mL for
the intranasal solution. The brain AUC values were intranasal
quercetin mucoadhesive NEs (24893.11 � 368.85 min∙ng/mL)
> intravenous quercetin mucoadhesive NEs
(4704.76 � 188.56 min∙ng/mL) > intranasal solution
(2540.60 � 199.76 min∙ng/mL) > intravenous solution
(1075.80 � 71.92 min∙ng/mL). The plasma AUC was higher
for intravenous mucoadhesive NEs, followed by intravenous
solution, intranasal mucoadhesive NEs and intranasal solution,
with values of 24988.47 � 235.67, 18718.37 � 388.76,
6350.80 � 166.56 and 453.02 � 28.10 min∙ng/mL, respec-
tively. The brain/blood ratio was significantly higher for intra-
nasal NEs (4.43) and intranasal solution (3.28), compared to
intravenous NEs (0.20) and intravenous solution (0.06). Intra-
nasal quercetin mucoadhesive NEs presented the highest DTE
(9333.33 � 39.39%) and DTP (2181.83 � 15.69%), compared
to intranasal solution (DTE: 2063.63 � 5.98% and DTP:
546.75 � 1.05%). For the pharmacodynamics studies, the rats
were divided in control solution, control NEs, MCAO (middle
cerebral artery occlusion that affects the behavioral activity,
including locomotor and grip strength) groups. The rats first
received the MCAO and were further treated with different
intranasal or intravenous formulations. The results showed an
improvement in the locomotor activity and grip strength, and a
reduction in the infarction volume and the tissue damage, for
the rats treated with quercetin solution and quercetin NEs,
proving that both formulations provided a protective role in
stroke, although the NEs formulation presented better results.
Based on the pharmacokinetic and pharmacodynamics results,
the authors concluded that the addition of chitosan to the NEs
improved the residence time of the formulations in the nasal
mucosa, increasing the drug uptake into the brain, being an
effective system for the treatment of cerebral ischemia75.

Shobo et al.61 compared the brain and plasma concentration of
intranasal pretomanid-loaded NEs, intranasal pretomanid solution,
intraperitoneal pretomanid solution and oral pretomanid solution,
with a pretomanid concentration of 20 mg/kg, for the treatment of
tuberculosis in rats. The results showed that intranasal NEs orig-
inated a higher concentration of drug in the brain compared to the
other formulations tested. Briefly, the intranasal pretomanid-
loaded NEs showed a higher Cmax value in the brain
(12062.3 ng/g), compared to the intranasal pretomanid solution
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(3060.3 ng/g), intraperitoneal pretomanid solution (236.8 ng/g)
and oral pretomanid solution (194.9 ng/g), with a Tmax of 8, 4, 2
and 8 h, respectively. The AUC value was also higher for intra-
nasal pretomanid-loaded NEs (183465.8 h∙ng/mL), followed by
intranasal pretomanid solution (36589.0 h∙ng/mL), intraperitoneal
pretomanid solution (1069.9 h∙ng/mL) and oral pretomanid
solution (<limit of quantification). Additionally, the plasma
Cmax and AUC values for intranasal pretomanid-loaded NEs
(3616.9 ng/mL; 47908.1 h∙ng/mL) and intranasal pretomanid
solution (109.3 ng/mL; 679.2 h∙ng/mL) were lower compared to
the values obtained in the brain. The opposite was observed for the
intraperitoneal (1146.6 ng/mL; 3988.5 h∙ng/mL) and oral pre-
tomanid (626.7 ng/mL; 3724.8 h∙ng/mL) solutions. From these
results, the authors concluded that the higher drug concentration in
the brain obtained for intranasal pretomanid-loaded NEs (4-fold
higher), in comparison to the intranasal pretomanid solution, is
related to the higher ability of NEs to protect and target the drug to
the brain61. Other authors have also studied the use of intranasal
NEs for the treatment of Alzheimer’s disease and erectile
dysfunction. In both studies, it was concluded that the use of the
intranasal route increases the bioavailability of the drug in the
brain, while the use of drug-loaded NEs improves absorption in
the nasal cavity64,91.
5. Clinical studies with nasal formulations

William H. Frey II patented the concept of nose-to-brain delivery
in 198916,26. This finding was the first step towards the beginning
of clinical studies that use the intranasal route to reach the CNS. In
1996, Pietrowski et al.92 conducted a clinical trial in 15 healthy
men who received intranasal and intravenous arginine-
vasopressin. In this study, the brain wave activity was measured,
being concluded that, after intranasal administration, the brain
wave activity increased, in contrast with the intravenous admin-
istration. In 1998, Derad et al.93 conducted a clinical study in 12
healthy adults who received intranasal and intravenous angio-
tensin II and observed similar results.

According to the US National Library of Medicine, there are
284 ongoing clinical trials with nasal formulations94. Among these
ongoing trials, there are 12 in phase 0 (i.e., first conducted to
investigate if the drug affects the body, involving very limited
human exposure to the drug), 51 in phase 1, 95 in phase 2, 44 in
phase 3, 37 in phase 4 and 61 without specific phase94,95. From the
37 approved nasal medicines, 1 is a TrueTear™ device for
neuropathic corneal pain, 2 contain influenza vaccines and 34
contain different drugs, being midazolam, ketamine and dexme-
detomidine the most prevalent. However, to our knowledge, there
are no nasal formulations of SLNs, NLCs and NEs marketed,
although the use of these nanocarriers has been studied to improve
the drug deliver through other routes of administration, such as
oral, parenteral, cutaneous, ocular, rectal and pulmonary, and for
cosmetics45,48,96. Despite the several investigations that have been
carried out, only cosmetic products with SLNs and NLCs have
been approved37,41,42,97,98.

The prospects and challenges of the clinical translation of
lipid-based nanocarriers include the use of new GRAS excipients
to promote the nasal bioavailability of drugs, the use of robust
optimization processes of the formulations, to increase the drug
loading capacity, avoid the occurrence of aggregation and phase
separation phenomena during storage. Despite the easy scaling-up
of lipid-based nanocarriers formulations, it is important to prove
the viability of their large-scale production methods before
applying for regulatory approval38,48,51,99.
6. Conclusions

In recent decades, research on the intranasal route and how it can
avoid the need for drugs to cross the BBB has attracted great
attention. In vivo studies reported much evidences about the ex-
istence of a direct transport route from the nose to the brain via
olfactory and trigeminal nerves, providing a fast onset of action.
However, the exact mechanism of drug transportation is not yet
fully understood and its efficacy in humans is unclear.

From the reported in vivo studies, we conclude that the intra-
nasal route together with the use of lipid-based nanocarriers, such
as NLCs, SLNs and NEs, is advantageous for targeting drugs to
the brain. These systems have demonstrated higher effectiveness
upon nose-to-brain delivery than through other administration
routes or intranasal administration of solutions or suspensions of
free drug. When developing a lipid-based nanocarrier formulation
it is important to identify the factors that influence the nasal ab-
sorption of the drug and ensure that it reaches the brain with
minimal losses arising from mucociliary clearance, enzymatic
degradation or absorption in the systemic circulation. In addition,
a deeper understanding of the nose-brain transport mechanism is
crucial to develop a suitable device that allows the drug to be
targeted to the upper region of the nasal cavity.

Although there are encouraging results of preclinical studies,
the nasal anatomy differences between animal species and incor-
rect extrapolation of the drug dose from animals to humans, have
been pointed as the main reasons for the failure of clinical trials
with intranasal formulations. To tackle these challenges, the use of
advanced mathematical models has been suggested. Despite the
challenges, lipid-based nanocarriers encompass a great potential
to facilitate intranasal drug administration.
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